The purpose of this study is to investigate the effectiveness of thrust force signals for estimation of the burr occurring at the outlet of a drilled hole and the prefailure phase caused by tool wear in drilling holes through thin stainless steel plate (JIS SUS304). Micro-drilling tests, using feed rate, step feed length, and the micro-drill diameter as experimental parameters, were carried out to measure the thrust force during peck drilling operations. Tool wear of the cutting edge and burr occurring at the outlet of drilled holes were measured at intervals of a constant number of drilled holes to consider their relationships to thrust force. As a result, the thrust force caused by tool wear during peck micro-drilling is related to the height of the burr occurring at the outlet of the drilled hole and the prefailure phase of micro-drills.
Introduction
Micro holes machined by micro-drills having a diameter less than 1 mm have been widely required in precision parts production of various kinds of equipment. The burr occurring at the edges of a drilled micro hole and the micro-drill breakage are serious problems in the micro-drilling operations, since they fairly deteriorate the quality of machined parts and need a lot of many and time to make the parts recover, and moreover they sometimes make the machined parts wastes. Consequently, both the on-machine measurement of the burr and the prediction of the micro-drill breakage are very important to keep high quality and efficiency in precision parts production with micro-drills. Only a few studies on the estimation of the burr height at the edges of a drilled hole by the indirect methods have been reported in conventional drilling operations with the conventional drill more than 5 mm in diameter (1) (2) . In this method, the torque or the axial drilling force was adapted as a signal for the estimation of the burr height. However, it is fairy difficult to apply these methods to the micro-drilling since the characteristics of the torque or the thrust force signal obtained during continuous drilling process was used for the estimation while the micro holes are usually machined by the peck drilling (3) . Furthermore, they attempted to estimate the burr height under various drilling conditions but it seems to be a little important because the burr occurring at the edges of the hole machined by the micro-drill could be minimized by using suitable feed rate and spindle speed obtained by drilling tests with new drills in advance (4) . A lot of studies on the detection of the tool breakage have been reported since the tool breakage is more critical problem. Especially, since the micro-drills are more likely to failure than the conventional drills having a diameter more than 1 mm, the detection of the micro-drill breakage has already been studied in previous papers (5) (6) . In this method, both the thrust force and the micro-drill velocity are used for the identification of the prefailure phase with the wavelet based encoding and the neural networks because it is very difficult to observe the condition of the micro-drill to interpret the noisy sensory signals. Another improved method similar to the method mentioned above also needs the complex procedure to detect the tool breakage although it uses only the thrust force as a signal for the estimation (7) . They aimed to propose a universal method applied to various tool breakage types but almost tool breakage is expected to be caused by the excessive tool wear at the tool life under suitable drilling conditions in the practical machining shops. The purpose of this study is to investigate the effectiveness of the thrust force for monitoring of the burr occurring at the outlet of the drilled hole and the prefailure phase of the micro-drill caused by tool wear in drilling holes through thin stainless steel plate (JIS SUS304). Micro-drilling tests, using feed rate, step feed length, and the meter of micro drill as experimental parameters, were carried out to measure the thrust force during drilling operations. Tool wear of the cutting edge and burr occurring at the outlet of drilled holes were measured at a constant interval of drilled holes to consider their relationships to thrust force.
Experimental apparatus and conditions
Drilling tests were carried out on a vertical machining center with an additional high-speed spindle system (Nakanishi, HES810). The experimental apparatus used in this study is shown in Fig.1 and the experimental conditions are shown in Table 1 . The workpiece material was stainless steel JIS SUS304. Stainless steel plates of 0.5 mm in thickness were drilled with commercial micro-drills of 0.1 mm-0.3 mm in diameter, as shown in Fig. 2 . The workpiece was supported with a flame structure jig made from Bakelite, shown in Fig. 1 , in order to make the outlet of the drilled hole accessible. The micro-drill was not monotonously fed but was repeatedly fed up and down by step lengths with increasing depth during one stroke, which is called peck drilling, with an oil mist to drill a hole through the thin stainless steel plate. Micro-drilling tests, using feed rate, step length, and diameter of the micro-drill as experimental parameters, were carried out. The thrust force during drilling through one hole was measured with a high-rigid dynamometer (Kisler, 9256A1). The width of the tool wear land of the cutting edge was measured off-machine with a reading microscope (Keyence, VH-5500) at a constant interval of drilled holes. After the micro-drilling test, the height of the burr occurring at the outlet of a drilled hole was also measured with the reading microscope. Fig. 3(a) is largest at the outer corner of the cutting edge, and it becomes smaller near the center of the drill. Figure 3(b) illustrates the end of the micro-drill, including the shaded area denoting the tool wear. Figure 4 shows the width of the flank wear land of the main cutting edge at the outer corner, which is expressed by character C in Fig. 3(b) . As the horizontal axis represents the number of drilled holes N, it can be seen from the experimental results shown in Fig. 4(a) for the 0.1 mm micro-drill that the flank wear at the outer corner C rapidly increases in the early stage and then gradually increases at an almost constant wear rate with the increase in the number of drilled holes. Furthermore, it can also be seen from Figure 5 shows the area of the tool wear land of both the main cutting edge and the chisel edge. The area of the tool wear land was calculated from the widths of the wear land measured at points A, B C, D 1 , D 2 shown in Fig. 3(b) . In the figure, the horizontal axis represents the width of the flank wear land at the outer corner C of the main cutting edge shown in Fig. 4 . For the 0.1 mm drill shown in Fig. 5(a) , the area of the tool wear land A w is almost in proportion to the width of the flank wear land at the outer corner C. For the 0.3 mm drill shown in Fig. 5(b) , the area of the tool wear land linearly increases with the increase in width of the flank wear land at the outer corner C, but it is not in proportion to the width of the flank wear land by approximately 50 µm. Figure 6 , which shows the tool wear of the 0.3 mm drill, demonstrates that the width of the flank wear land is almost constant near the center of the main cutting edge. It was concluded that the tool wear pattern of the 0.3 mm drill was different from that of the 0.1 mm drill, and consequently the characteristics between the area and the width of the tool wear land were also a little different. 
Burr Occurring at the Outlet of a Drilled Hole
Figure 7(a) shows a typical photograph of the burr occurring at the outlet of a drilled hole. In Fig. 7(a) , it can be seen that the height of the burr is almost constant around the edge, and a massive chip is left on the burr on the right side edge of the drilled hole. Fig.  7(b) shows the shade of the burr generated by a laser beam with an angle of 30 degrees tilted from the horizon in order to measure the height of the burr. Figure 8 shows the height of the burr H b in micro-drilling. The height was calculated from the length of the shade of the burr shown in Fig. 7(b) , where the horizontal axis represents the number of drilled holes N. The height of the burr occurring in drilling tests with the 0.1 mm drill shown in Fig. 8(a) rapidly increases in the early stage and then gradually increases at almost a constant rate with the increase in the number of drilled holes. Consequently, the characteristics of the height of the burr with the increase in the number of drilled holes is expected to be similar to the characteristics of the width of the flank wear land at the outer corner of the main cutting edge shown in Fig. 4(a) . The height of the burr occurring with the 0.3 mm drill, as shown in Fig. 8(b) , increases with the increase in the number of drilled holes in a way similar to the width of flank wear shown in Fig. 4(b) .
The comparison between the height of the burr in Fig. 8 and the width of the flank wear land in Fig. 4 suggests that the height of the burr is related to the width of the flank wear land of the main cutting edge. Figure 9 shows the relationship between the height of the burr occurring at the outlet of the drilled hole and the width of the flank wear land of the main cutting edge at the outer corner. For the 0.1 mm drill shown in Fig. 9(a) , the height of the burr H b seems to increase linearly with the increase in the width of the flank wear land at the outer corner, although values of the height of the burr are somewhat scattered. However, for the micro-drill with the lager diameter shown in Fig. 9(b) , the height of the burr occurring at the outlet more clearly increases almost linearly with the increase in the width of the flank wear land at the outer corner, and the value of the height of the burr is approximately double the value of the width of the flank wear land of the main cutting edge at the outer corner C. Figure 10 shows the thrust force P in details over time as a new micro-drill is drilling one hole through the thin stainless steel plate of 0.5 mm in thickness. Approximately six pulsed thrust forces are seen in Fig. 10 , since the step length was 80 µm and the thickness of the stainless steel plate was 0.5 mm. However, since the value of each pulsed thrust force is not constant during the peck drilling through one hole, the average thrust force in this study is defined as the average value of the pulsed thrust forces at the drilled depths of 30%, 60%, and 80 % of the thickness of the stainless steel plate. Figure 11 shows the average thrust forces P av defined above, where the horizontal axis represents the number of drilled holes. The obtained average thrust force P av during peck drilling with the 0.1 mm drill shown in Fig. 11(a) rapidly increases in the early stage and then gradually increases at almost a constant rate with the increase in the number of drilled holes (8) . The characteristics of the average thrust force with the increase in the number of drilled holes is expected to be similar to the characteristics of the width of the flank wear land of the main cutting edge at the outer corner shown in Fig. 4(a) . The average thrust force P av during peck drilling with the 0.3 mm drill shown in Fig. 11 (b) also increases with the increase in the number of drilled holes in a way similar to that of the flank wear of the main cutting edge shown in Fig. 4(b) . According to previous study (9) , the thrust force increases with the increase of the tool wear in the conventional drilling operations. Figure 12 shows the incremental average thrust force (P av -P av0 ) caused by tool wear with the increase in the area of the tool wear land in the drilling operation, where P av0 is the average thrust force during drilling with a new micro drill. For the 0.1 mm drill shown in Fig. 12(a) , the incremental average thrust force seems to increase linearly with the increase in the area of the tool wear land, although values of the burr height are somewhat scattered. However, for the larger micro-drill shown in Fig. 12(b) , the incremental average thrust force caused by tool wear more clearly increases with the increase in the area of the tool wear land. As mentioned before, Fig. 5 shows that the area of the tool wear land is approximately in proportion to the width of the flank wear land at outer corner C. Consequently, the incremental average thrust force caused by tool wear is expected to be in proportion to the width of the flank wear land of main cutting edge at the outer corner. As shown in Fig. 9 , the height of the burr occurring at the outlet of the drilled hole was approximately in proportion to the width of the flank wear land of the main cutting edge at the outer corner C. As a result, it is expected from Figs. 5, 9, and 12 that the height of the burr occurring at the outlet of the drilled hole linearly increases with the increase in the average thrust force during drilling. Figure 13 shows the relationship between the height of the burr and the average thrust force during drilling. It is suggested from Fig. 13 that the height of the burr occurring at the outlet of the drilled hole can be estimated by the average thrust force during drilling since the height of the burr occurring at the outlet of the drilled hole monotonously increases with the increase in the average thrust force during drilling. 
Thrust Force in Micro Drilling
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Failure of Micro Drills
In drilling tests, wearing of the cutting edge of the micro-drills gradually increases with the increase in the number of drilled holes, and the micro-drills fractured when the area of the tool wear land exceeded a certain limit. Figure 14 shows the end of the fractured micro-drills and Fig. 15 shows detail of the thrust force during peck drilling with the 0.1 mm drill when the micro-drill fractured. As can be seen in Fig. 15 , the pulsed thrust force increased with the increase in the drilled depth of a hole and it reached the maximum thrust force at the 5 th step just before the micro-drill fractured during peck drilling. Figure 16 shows the maximum thrust force during drilling with the 0.1 mm drill when the drill fractured, as shown in Fig.15 . As can be seen in Fig. 16 , the maximum thrust force P max depends little on the drilling conditions since the values of the maximum thrust forces obtained under some drilling conditions were almost the same. Number of drilled holes at breakage
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where l is the flute length of the micro-drill, E is the modulus of longitudinal elasticity of the drill material, and I is the second moment of area. It is assumed that the shape of the cross section of the micro-drill is a square with width d and height d/2, and so second moment I is expressed as Eq. (2). The theoretical values calculated in Eq. (3) are expressed by the solid curve in Fig. 19 where E equals 480 GPa. In Fig. 19 , the vertical axis is P max l 2 is defined as the maximum buckling load P max multiplied by the square flute length l 2 . The modulus of longitudinal elasticity of drill material E was identified by a three-point bending test. The horizontal axis is drill diameter d, and then P max l 2 increases exponentially with the increase in the drill diameter since both axes of Fig. 19 are logarithmic. In Figure 19 , (4) The height of the burr occurring at the outlet of the drilled hole and the average thrust force during drilling are in proportion to one another. (5) The micro-drills of 0.1 mm in diameter fractured at almost the same maximum thrust force during drilling process under the various feed rate and step length when they reached at their tool life, and the maximum thrust forces approximately coincided with the buckling load of the micro-drills of 0.1 mm-0.3 mm in diameter, respectively.
Consequently, it can be summarized as follows: the area of the tool wear land of the micro-drill and the height of the burr occurring at the outlet of the drilled hole can be estimated by the average thrust force, and the prefailure phase of the micro-drill breakage can be monitored by the maximum thrust force in micro-drilling operation.
